Abstract: This study focus on the optimal time limit of ship-to-ship (STS) liquid natural gas (LNG) bunkering by dynamic simulation. Based on this, a mathematical model for calculating the boil-off gas (BOG) amount was developed. With respect to the modeling of the study, the diameter of the bunkering line is set as 8 inch while that of the BOG return pipeline is set as 4 inch to satisfy the pressure of the receiving ship and BOG generation. The capacities of the cargo tank and fuel tank for bunkering and receiving ships are set as 4538 m 3 and 700 m 3 , respectively. The results indicated that the BOG amount with different LNG bunkering time limit is variable. The BOG flow rate varies inversely with respect to the bunkering time limit after 20 min. Additionally, it is necessary to control the bunkering time within 120 min since additional BOG is generated when the capacity of the pump exceeds 100,000 kg/h, and thus the tank pressure difference between bunkering and receiving ship may be reduced. It is believed that the results of the research could provide feasible assistance for STS LNG bunkering for the ports, and could give a specific guideline for the amount of the BOG generation.
Introduction
The schedule for the application of the stringent sulfur limits issued by International Maritime Organization (IMO) from 2015 in the emission control areas (ECAs) is in effect. The sulfur fuel emission limit which controlled by less than 0.5% will covered all over the world till 2020, as shown in Figure 1 . Therefore, the current goal involves challenging ship owners and operators to determine feasible bunker for their fleet [1, 2] . Three potentially feasible options include: (1) Choosing a more expensive high quality low sulfur fuel oil, such as marine gas oil (MGO), as opposed to heavy fuel oil (HFO); (2) Cleaning the exhaust gas to an acceptable emission level such as using an exhaust gas scrubber system [3] ; (3) Using the liquefied natural gas (LNG) as a fuel for ships is a realistic and feasible solution while the previous studies had indicated [4, 5] . Natural gas is mostly composed of methane (CH4) which is a poisonless and flammable gas. Specifically, LNG is formed by refrigerating natural gas to a temperature below its boiling point (approximately −162 °C). The volume of the gas reduces by a factor of 600 after the liquefaction process, and thus it is widely available for transport and storage [7] . LNG is a cryogenic liquid and its transfer can generate a significant amount of boil-off gas (BOG), and thus the LNG bunkering procedure for LNG fueled ships differs from HFO bunkering [8] . The BOG generation could cause the overpressure of the LNG tank during LNG bunkering operation. The proper treatment methods for BOG include: (a) re-liquefaction at the bunkering ship, (b) use as a fuel, and (c) burn in the flare stack [9] [10] .
For ships that use LNG as a fuel, LNG bunkering is an unavoidable process. The most effective method for LNG bunkering involves transferring LNG from bunker ships to a receiving ship (LNG fueled ship) in a manner similar to the loading of LNG cargo. LNG bunkering requires paying close attention to safe operations as it entails potential risks that are directly related to cryogenic liquid transfer and BOG returns, which significantly exceeds that of the HFO bunkering. Therefore, extant studies have focused on the bunkering procedure or safety of using LNG as a marine fuel [11] [12] [13] . Especially, Yun et al. [10] examined a conceptual design of an offshore liquefied natural gas (LNG) bunkering terminal for Busan port in Korea. As a case study, they performed a conceptual design by analyzing the statistics of visiting ships, estimating the required LNG consumption, and determining the process specifications and equipment features. Sun et al. [14] conducted a numerical analysis of hazardous consequence during ship-to-ship LNG bunkering that could involve the LNG vapor dispersion and LNG pool fires. They used computational fluid dynamics (CFD) models to qualitatively and quantitatively examine the main characteristics of different hazard types, vapor dispersion, and fire radiation. Jeong et al. [15] using integrated quantitative risk assessment (IQRA), proposed a statistical method to determine the safe exclusion zone around the LNG bunkering station and identify the potential risks during LNG bunkering.
Also, various studies have been done on the behavior of the BOG generation at the LNG exporting terminals, the LNG-FPSO and during transportation by utilizing Aspen simulation software. Kurle et al. [16] proposed several BOG recovery strategies and using steady-state simulations for BOG generation at LNG exporting terminals using. In 2016, Kurle et al. [17] also conducted effects of the temperature of LNG ship-tank, the jetty boil-off gas (JBOG) compressor capacity and the rate of tank cooling on JBOG. Hasan et al. [18] worked on the minimizing boil-off during LNG transportation using the Soave-Redlich-Kwong (SRK) state property equation method to conduct dynamic simulations of LNG transportation processes. Yan and Gu [19] developed a full scale model to analyze the effect of the BOG generation, the mass flow rate and the pump head of the LNG offloading system during LNG transfer process from the floating production storage and offloading unit for liquefied natural gas (LNG-FPSO) to the LNG carrier. Natural gas is mostly composed of methane (CH 4 ) which is a poisonless and flammable gas. Specifically, LNG is formed by refrigerating natural gas to a temperature below its boiling point (approximately −162 • C). The volume of the gas reduces by a factor of 600 after the liquefaction process, and thus it is widely available for transport and storage [7] . LNG is a cryogenic liquid and its transfer can generate a significant amount of boil-off gas (BOG), and thus the LNG bunkering procedure for LNG fueled ships differs from HFO bunkering [8] . The BOG generation could cause the overpressure of the LNG tank during LNG bunkering operation. The proper treatment methods for BOG include: (a) re-liquefaction at the bunkering ship, (b) use as a fuel, and (c) burn in the flare stack [9, 10] .
Also, various studies have been done on the behavior of the BOG generation at the LNG exporting terminals, the LNG-FPSO and during transportation by utilizing Aspen simulation software. Kurle et al. [16] proposed several BOG recovery strategies and using steady-state simulations for BOG generation at LNG exporting terminals using. In 2016, Kurle et al. [17] also conducted effects of the temperature of LNG ship-tank, the jetty boil-off gas (JBOG) compressor capacity and the rate of tank cooling on JBOG. Hasan et al. [18] worked on the minimizing boil-off during LNG transportation using the Soave-Redlich-Kwong (SRK) state property equation method to conduct dynamic simulations of LNG transportation processes. Yan and Gu [19] developed a full scale model to analyze the effect of the BOG generation, the mass flow rate and the pump head of the LNG offloading system during LNG transfer process from the floating production storage and offloading unit for liquefied natural gas (LNG-FPSO) to the LNG carrier.
Most of the earlier studies only focus on the large-scale LNG operations, and had overlooked the small-scale LNG fueled ships, especially the STS LNG bunkering with a pressure-vessel type tank [20] . The originality of this study is to use the dynamic simulation for finding the optimum STS LNG bunkering time limit, and focusing on the minimization of BOG generation. In the present study, the commercial software Aspen HYSYS [21] is used to investigate and analyze the change in BOG generation from the LNG fuel tank of the receiving ship for different LNG bunkering time limits. Furthermore, the current study addresses attempt to identify an optimization ship-to-ship LNG bunkering time limit based on the dynamic simulation. On this basic, a mathematical model for calculating the total amount of BOG generation has developed. Finally, this study would contribute to proper handling of BOG generation problems, and thus providing a reference guideline during STS LNG bunkering procedure.
System Model and Procedure Design

Tank Geometry
The size and capacity of bunker ships strongly depend on travel distances, requirements for multi-cargo capability, expected trade volumes, and characteristics of the receiving terminals. Generally, the capacity of the LNG bunkering ships ranges from 1,000 to 10,000 m 3 . As shown in Table 1 , the IMO Type C pressure tank is installed on both of the ships, LNG tank volume of the bunkering ship is 4538 m 3 , diameter is 12.0 m, and the length is 40.12 m based on expert consultations. Hence, for the receiving ship with an LNG tank volume of 700 m 3 , the diameter is 8.0 m and the length is 13.93 m. 
Determination of LNG Flow Rate
The longer LNG is bunkered prior to use, and an increase in the number of times that it is transferred from one storage vessel to another increases the BOG generation. Four typical cases are used to determine the BOG generation change for different LNG bunkering time limits. The bunkering time limit sets of the cases correspond to 60, 90 120 and 150 min, respectively. In the procedure of bunkering, the LNG mass flow rate adjusts to 72,000 kg/h when the level of the LNG tank of the receiving ship reaches 85%. Additionally, the initial LNG mass flow rate is calculated as 280,000, 180,000, 125,000 and 100,000 kg/h for each case shown in Table 2 . Generally, the bunkering limit denotes the maximum allowable liquid volume to which the fuel tank may be loaded, and which is expressed as the percentage of the total fuel tank volume. The limit depends on the LNG densities at the bunkering and reference temperatures and is determined as follows:
Here, BL denotes the bunkering limit, FL denotes the filling limit, and subscripts ρ R and ρ B denote the LNG density at reference temperature and the LNG density at bunkering temperature, respectively. The typical bunkering limits for the LNG fueled ships are expected to range from 85% to 95% based on the fuel tank type, pressure relief valve setting, and other ship specific considerations [22] . Therefore, in the study, the bunkering time limit for each case is set to the level reached by the LNG fuel tank of the receiving ship at 90%.
Pipeline System Design
The bunkering pipeline system consists of LNG transfer pipes (bunker pipes) and vapor return pipes (BOG pipes) between the cargo tank of the bunkering ship and fuel tank of the receiving ship. The bunker pipes and BOG pipes are sized related to the design flow rates of the system. The design flow rate is related to the capacity, temperature and the pressure of LNG fuel tank, also other factors including the flow velocity limits, the BOG return capacity and bunkering time limit [7] . Additionally, the flowrate depends on the achievable bunkering rate from the bunkering ship. In this study the maximum LNG transfer mass flow rate is set as 280,000 kg/h, and the LNG velocity is assumed to 6 m/s, as the mass density of LNG bunker is assumed to be 450 kg/m 3 [23] . The diameters of the LNG bunker pipes are calculated as approximately 192 mm. Therefore, the diameter of the bunkering pipeline is set to 8 inch (200 mm) while that of the BOG pipeline is set to 4 inch (100 mm) to satisfy the pressure and BOG generation in the fuel tank of the receiving ship.
Mass Flow Rate:
Transfer rate:
Pipeline diameter:
where .
m presents the mass flow rate; Q is the volume flow rate; ρ is the mass density of LNG bunker; V is the velocity of LNG; D is the diameter of pipeline.
The LNG bunkering can be operated only after the LNG fuel tank is inert, purged, and cooled down. With respect to the beginning of the simulation, the cool down process is only considered to accomplish using cold natural gas or LNG.
During transfer, the ship's fuel tanks typically contain an amount of LNG. In general, the volume remaining in the tank before bunkering is called heel, this small quantity is necessary to keep the tank cold prior to bunkering. The required tank heel in receiving ship is normally calculated by the fuel gas designers and the tank designers according to several variables (tank size, ship motions, shape, heat inflow from external sources, gas consumption of the engines, bunkering and schedule of the voyage. But as a general rule of thumb, a tank heel of 5% can be assumed for initial design considerations. However, the description of heel in the existing LNG bunkering guideline is adapted from the LNG Carrier loading process. Meanwhile, heel is only used as a propellant for the LNG fueled ship. Consequently, in the case in the present study, it is assumed that the tank heel for the LNG receiving ship is 20% based on consultations with experts. Tank pressure during bunkering could be maintained at an acceptable ranges by consuming LNG or by using the BOG control methods.
The bunkering procedure by ship-to-ship is divided into two parts, namely startup and shutdown of the system as shown in Table 3 . With respect to startup of the system modeling, it is necessary for several conditions to fit in the initial bunkering startup wherein the pressure and quality should be in a stabilized state and also a closed LNG bunker line should be present. During the procedure, five steps are involved in the modeling startup. Table 3 . Modeling of the system startup and shutdown.
Modeling of System Startup
Conditions for the Initial
Bunkering Dtartup 
Modeling of System Shutdown
Procedure Change In the shutdown system, mass flow rate ramped down to 72,000 kg/h when the level of fuel tank for the receiving ship reached to 85%, and subsequently controller and pump should be cut-off when the conditions are satisfied. It should be noted that the simulation control is also under the aforementioned procedure during the cut-off.
Dynamic Simulation
Dynamic Simulation Method
Aspen HYSYS was used for the dynamic simulation to calculate and analyze the change in the BOG generation of the LNG fuel tank of the receiving ship for different bunkering times. The purpose of the study involves determining the optimal ship-to-ship LNG bunkering time limit.
With respect to the process modeling and thermodynamic analysis, we applied the Peng-Robinson Equation of State that can predict the thermodynamic properties of various hydrocarbons including LNG in a relatively accurate manner as follows [24, 25] :
Here, the parameters α, a, b, and ω are defined as follows:
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where P indicates the pressure; T is the temperature; R is the gas constant; V m is mole volume; a, b are the equation of state parameters; α is the function for reduced temperature and the acentric factor; k is the function for the acentric factor; ω is the acentric factor; T C is the critical temperature; P c is the critical pressure, and T r is the temperature at critical point. Figure 2 and Table 4 show the schematic process flow diagram (PFD) of the ship-to-ship LNG bunkering scenario and the conditions for the LNG tanks of bunkering and receiving ships. The STS LNG bunkering model used for dynamic simulation was composed of two LNG storage tanks for bunker and receiving vessel, a submerge LNG pump, the LNG bunkering pipeline (include an LNG hose), the BOG pipeline (include a BOG return hose), the emergency shutdown (ESD) valves, and the emergency release couplings (ERC). As recommended in Section 2.1, the LNG storage tank's capacities were 4538 m 3 and 700 m 3 for the bunkering and receiving ships, respectively. The case with an LNG bunkering time limit of 60 min was selected as the standard simulation condition. The LNG tank level of the bunkering ship and receiving ship prior to commencing bunkering were filled to 90.0% and 20.0%, respectively. The initial temperature difference (∆t) between the bunkering ship and receiving ship was 12.5 • C, with the pressure difference (∆p) was approximately 3.0 bar. As shown in Table 4 , when the bunkering procedure was completed, there were clear differences in the physical properties of both the bunkering and receiving ships. The level of the bunker tank decreased from 90% to 77.1%, whereas the level of the receiving ship increased from 20.0% to 90.0%. Meanwhile, the temperature and pressure differences between the two ships became closer. The temperature difference (∆t) between the bunkering tank and receiving tank changed from 12.5 • C to 0.8 • C, the pressure difference (∆p) also decreased from 3.0 bar to 0.2 bar.
Energies 2019, 12 FOR PEER REVIEW 6 = 0.45724 (6) = 0.07780
where indicates the pressure; is the temperature; is the gas constant; is mole volume; , are the equation of state parameters; is the function for reduced temperature and the acentric factor; ĸ is the function for the acentric factor; is the acentric factor; is the critical temperature; is the critical pressure, and is the temperature at critical point. Figure 2 and Table 4 show the schematic process flow diagram (PFD) of the ship-to-ship LNG bunkering scenario and the conditions for the LNG tanks of bunkering and receiving ships. The STS LNG bunkering model used for dynamic simulation was composed of two LNG storage tanks for bunker and receiving vessel, a submerge LNG pump, the LNG bunkering pipeline (include an LNG hose), the BOG pipeline (include a BOG return hose), the emergency shutdown (ESD) valves, and the emergency release couplings (ERC). As recommended in Section 2.1, the LNG storage tank's capacities were 4,538 m 3 and 700 m 3 for the bunkering and receiving ships, respectively. The case with an LNG bunkering time limit of 60 min. was selected as the standard simulation condition. The LNG tank level of the bunkering ship and receiving ship prior to commencing bunkering were filled to 90.0% and 20.0%, respectively. The initial temperature difference (∆t) between the bunkering ship and receiving ship was 12.5 °C, with the pressure difference (∆p) was approximately 3.0 bar. As shown in Table 4 , when the bunkering procedure was completed, there were clear differences in the physical properties of both the bunkering and receiving ships. The level of the bunker tank decreased from 90% to 77.1%, whereas the level of the receiving ship increased from 20.0% to 90.0%. Meanwhile, the temperature and pressure differences between the two ships became closer. The temperature difference (∆t) between the bunkering tank and receiving tank changed from 12.5 °C to 0.8 °C, the pressure difference (∆p) also decreased from 3.0 bar to 0.2 bar. 
Code Validation
As described in Section 1, the commercial software Aspen HYSYS is widely used for process dynamic simulation in the LNG industry, particularly in the field of BOG handling. It has been applied in many previous studies [18, [26] [27] [28] [29] .
In this study, to verify the dynamic simulation model is conformed with the bunkering scenario, the amount of BOG generation was simulated, according to the initial temperature difference between bunker and receiving tank by applying HYSYS and Flownex. The temperature of the receiving tank was set at −134.5 • C as the standard initial temperature. Meanwhile, the temperature difference between bunker and receiving tank were 0.0, 8.0, 12.0 • and 16.0 • C, respectively. The Flownex is a commercial dynamic systems CFD code used as the primary thermal-fluid simulation code by the Pebble Bed Modular Reactor Company (PBMR). The comparison with experimental data excellently with the average differences of all cases was less than 10% [30] . Both of the simulations were performed under the same condition. As shown in Figure 3 , the total mass of BOG generation was quite similar to those of the Flownex simulation. The gap range for the results validated in each initial temperature difference was below 15%. Especially when the initial temperature difference (∆t) was 12.0 • C, the gap range was below 2%. Therefore, the HYSYS dynamic simulation could be used to conduct the dynamic behaviors of the STS LNG bunkering procedure.
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BOG Generation
Heating is counteracted by the cooling effect of evaporation as the LNG boils off. The gas boiled to replace the reduction in the volume of the LNG or vapor in the tank while maintaining the LNG liquid and vapor in equilibrium at the cooler saturated temperature and pressure [7] . Therefore, no removal or slow removal of LNG and boil-off gas from the tank can increase the temperature and vapor pressure of the tank by the reason of heat flux into the tank, while rapid removal without forced generation of BOG could cause the LNG tank temperature to decrease. As a result, it is important to measure the temperature in the LNG fuel tanks when compared to the bunkered temperature of the LNG since temperature differences can significantly affect the vapor control procedure.
In the study, the receiving LNG was stored and transported under the LNG conditions as a cryogenic liquid. The capacity of the receiving ship was 700 m 3 . The LNG evaporated at temperatures above its boiling point while the boil-off-gas was generated in a manner similar to that for any other liquid. The BOG emerged from the heat ingress into the LNG during shipping, storage, and on/off loading operations [31] . Figure 5 shows the changes in the BOG generation for four different bunkering time limits. In the initial 35 min., given the build-up of BOG flow rate, the BOG generation was proportional to the bunkering time limit. In order to optimally determine the relationship between the time limit and the BOG generation, the bunkering time limit was set as simulated for every alternate 10 min. in a period ranging from 50 min. to 150 min. based on the BOG generation to determine the optimal bunkering time limit. As shown in Figure 6 , in the period from 50 min. to 120 min., the amount of BOG generation change increased with increases in the bunkering time limit and peaked to 10535.24 kg at 120 min. and subsequently reduced gradually. Additionally, a decrease in the time limit decreases the amount of BOG generation. However, the bunkering time limit did not shorten without a limit given the restrictions such as the pump capacities and pipeline diameters. Thus, this suggests that 
In the study, the receiving LNG was stored and transported under the LNG conditions as a cryogenic liquid. The capacity of the receiving ship was 700 m 3 . The LNG evaporated at temperatures above its boiling point while the boil-off-gas was generated in a manner similar to that for any other liquid. The BOG emerged from the heat ingress into the LNG during shipping, storage, and on/off loading operations [31] . Figure 5 shows the changes in the BOG generation for four different bunkering time limits. In the initial 35 min, given the build-up of BOG flow rate, the BOG generation was proportional to the bunkering time limit. In order to optimally determine the relationship between the time limit and the BOG generation, the bunkering time limit was set as simulated for every alternate 10 min in a period ranging from 50 min to 150 min based on the BOG generation to determine the optimal bunkering time limit. As shown in Figure 6 , in the period from 50 min to 120 min, the amount of BOG generation change increased with increases in the bunkering time limit and peaked to 10,535.24 kg at 120 min and subsequently reduced gradually. Additionally, a decrease in the time limit decreases the amount of BOG generation. However, the bunkering time limit did not shorten without a limit given the restrictions such as the pump capacities and pipeline diameters. Thus, this suggests that the bunkering time should controlled within 120 min to avoid additional BOG generation when the capacity of the pump exceeds 100,000 kg/h. Conversely, the bunkering efficiency could be efficiently improved to reach the optimal time limit when the pump's capacity is lower than 100,000 kg/h.
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As shown in Figure 7 , the variations in the bunker tank pressure are not obvious when compared with the receiving ship. This is due to the following reasons: On one side, given the tank pressure difference, the vapor was only unilaterally transferred into the bunker tank from the fuel tank of the receiving ship during the bunkering procedure. On the other side, the BOG generated from the bunker tank itself was limited, and the bunker tank was capacious. The variation in the tank pressure for the bunkering ship increased from 2.8 barg initially to 2.90-2.93 barg at the end of each case, and the ending pressure was directly proportional to the bunkering time limit. Specifically, with respect to the level of the fuel tank for the receiving ship prior to 85%, the tank pressure increased relatively quickly, and the variation was proportional to the bunkering time limit. This is because the mass and pressure of the outflowing LNG increased slowly while an increase in the bunkering time limit decreased the discharging LNG rate. Additionally, when the receiver tank reached 85%, the pressure in the bunker tank increased due to decreases in LNG flow rate.
in the bunker tank increased due to decreases in LNG flow rate.
As shown in Figure 8 , the fuel tank pressure of the receiving ship is directly proportional to the time limit in the first 20 min. in each case. The reasons are as follows: first, the LNG in bunker tank was transferred to the fuel tank of receiving ship with decreases in the temperature and pressure. Second, the aforementioned pressure in the fuel tank decreased quickly since the BOG pipelines were well connected with the bunker tank. Finally, the pressure reduction decreased if the fuel tank could obtain a higher LNG transfer flow rate during the bunkering procedure. Conversely, the tank pressure of the receiving ship was inversely proportional to the time limit after 20 min. It was observed that the pressure variation in fuel tank for the receiving ship changed significantly, and the pressure reduced from 5.77 barg at the beginning to the 2.94-3.06 barg in the end of each case. The tank pressure difference between bunkering and receiving ship reduced and decreased with increases in the bunkering time limit. 
LNG Flow Rate and Total LNG Bunkering Amount
A few ships may require a shorter bunkering time when compared to others based on their operating profile. Based on the frequency of bunkering and the size of the fuel tanks, the owners may wish to maximize the bunkering rate [32] .
As shown in Figure 9 , the LNG flow rates in each case are different before the level of fuel tank reaches 85% in different bunkering cases (Take Table 2 as reference) while the flow rate reduces uniformly to 72,000 kg/h when the level of fuel tank exceeds 85%. When the level of fuel tank reached As shown in Figure 8 , the fuel tank pressure of the receiving ship is directly proportional to the time limit in the first 20 min in each case. The reasons are as follows: first, the LNG in bunker tank was transferred to the fuel tank of receiving ship with decreases in the temperature and pressure. Second, the aforementioned pressure in the fuel tank decreased quickly since the BOG pipelines were well connected with the bunker tank. Finally, the pressure reduction decreased if the fuel tank could obtain a higher LNG transfer flow rate during the bunkering procedure. Conversely, the tank pressure of the receiving ship was inversely proportional to the time limit after 20 min. It was observed that the pressure variation in fuel tank for the receiving ship changed significantly, and the pressure reduced from 5.77 barg at the beginning to the 2.94-3.06 barg in the end of each case. The tank pressure difference between bunkering and receiving ship reduced and decreased with increases in the bunkering time limit.
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As shown in Figure 9 , the LNG flow rates in each case are different before the level of fuel tank reaches 85% in different bunkering cases (Take Table 2 as reference) while the flow rate reduces uniformly to 72,000 kg/h when the level of fuel tank exceeds 85%. When the level of fuel tank reached 90%, the pump stopped working, the valve closed, and the entire bunkering procedure was completed. As shown in Figure 10 , the total bunkering amount refers to the total mass of LNG that transferred from the bunkering ship to the receiving ship during the entire LNG bunkering procedure minus the total mass of BOG generation that passing through the BOG return pipeline. The total bunkering amount is not significantly related to the bunkering time limit. The gap between the maximum bunkering amount and the minimum bunkering amount was less than 0.5%. In the case of 120 minutes, the maximum bunkering amount corresponds to 231.8 tons. Meanwhile, the trend of the total bunkering amount at different bunkering time limits was consistent with the change in the total amount of BOG. This is because the bunkering time limit with the higher BOG amount, the more LNG will be transferred from the bunkering ship, correspondingly.
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Calculation for Mass of BOG Amount
As mentioned in Section 4.2, a dynamic simulation was carried out for the amount of BOG generated in the 50-150 min STS LNG bunkering process. However, through the dynamic simulation method, it is unrealistic to calculate the BOG amount generated in any bunkering time limit. Therefore, based on the simulated data, the Sigmoidal Weibull function type 2 (SWeibull 2) in OriginPro 2017 software (OriginLab Cor., Northampton, MA, USA) was used to fit the simulated data [33, 34] , as shown in Figure 11 .
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Conclusions
The study focused on the changes in the BOG generation and other effects of ship-to-ship LNG bunkering procedures given differences in the bunkering time limit. Based on the dynamic simulation, an optimal ship-to-ship LNG bunkering time limit is proposed. In addition, a formula for calculating BOG amount which can substitute for simulation is established. The results for different bunkering time limits were obtained as follows:
(1) In the initial 20 min of all the bunkering cases, the BOG flow rate was directly proportional to the bunkering time limit. Conversely, the BOG flow rate was inversely proportional to the bunkering time limit after 20 min.
(2) The bunkering time should be controlled within 120 min to avoid the generation of additional BOG when the capacity of the pump exceeded 100,000 kg/h. Conversely, when the pump's capacity was lower than 100,000 kg/h, the bunkering efficiency could be improved properly to reach the optimal time limit.
(3) The tank pressure difference between bunkering and receiving ship reduced and decreased with increases in the bunkering time limit. Additionally, when the level of fuel tank for the receiving ship reached 85%, the pressure in the bunker tank increased due to decreases in the LNG flow rate.
Several challenges were identified for the future studies. The present study only provides a mathematical model for the calculation of the total amount of BOG generation by the STS LNG bunkering method, while the current LNG bunkering methods also include the Truck-to-ship (TTS) and Pipe-to-ship (PTS). In order to develop the general BOG equation, a number of LNG bunkering scenarios in different conditions need to be examined. What's more, the further research should attach importance to the impacts of the environmental conditions in the surrounding bunkering area to the BOG generation. The factors such as sea stability, atmospheric temperature and other conditions will be included to enhance the reliability of data.
Additionally, the limitation of present study was that the object fuel tank for the receiving ship is the IMO type C pressure tank which commonly used in the current LNG fueled ships. The bunkering conditions for large container ships with the possibility of using the membrane tanks in the future were not considered. Although this study had some limitation, considering that the lack of industry practices and standards in determining the LNG bunkering time limit and the mass of BOG generation calculations, it is believed that the insights present in this paper could provide useful information as a complement.
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